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Genetic diversityPapillomaviruses (PVs) are small DNA viruses that have been associated with increased epithelial prolifera-
tion. Over one hundred PV types have been identiﬁed in humans; however, only three have been identiﬁed
in bottlenose dolphins (Tursiops truncatus) to date. Using rolling circle ampliﬁcation and degenerate PCR, we
identiﬁed four novel PV genomes of bottlenose dolphins. TtPV4, TtPV5 and TtPV6 were identiﬁed in genital
lesions while TtPV7 was identiﬁed in normal genital mucosa. Bayesian analysis of the full-length L1 genes
found that TtPV4 and TtPV7 group within the Upsilonpapillomavirus genus while TtPV5 and TtPV6 group
with Omikronpapillomavirus. However, analysis of the E1 gene did not distinguish these genera, implying that
these genesmay not share a common history, consistent with recombination. Recombination analyses identiﬁed
several probable events. Signals of positive selection were found mostly in the E1 and E2 genes. Recombination
and diversifying selection pressures constitute important driving forces of cetacean PV evolution.
© 2012 Elsevier Inc. All rights reserved.Introduction
Papillomaviruses (PVs) constitute a large family of circular non-
enveloped DNA viruses of approximately 8 kb that infect the skin and
mucosalmembranes of numerous amniote host species. The clinical sig-
niﬁcance of PVs has been widely recognized due to the potential of
some types to induce neoplasia in their hosts, although they can also
be detected in healthy epithelial tissues. The family Papillomaviridae is
currently classiﬁed into 29 different genera (Bernard et al., 2010) and
over one hundred PV types have been identiﬁed in humans. Although
both oral and genital papillomatous lesions are common in cetaceans
(Rehtanz et al., 2010; Van Bressem et al., 2009), only a limited number
of PV genomes, from genital and esophageal lesions, have been se-
quenced and characterized. Three PVs have been isolated from bottle-
nose dolphins (Tursiops truncatus) (TtPV1, TtPV2 and TtPV3) (Rector
et al., 2008; Rehtanz et al., 2006), one from the Burmeister's porpoise
(Phocoena spinnipinis) (PsPV1) (Van Bressem et al., 2007), one from
the short-beaked common dolphin (Delphinus delphis) (DdPV1), oneles-Sikisaka),
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rights reserved.from the Atlantic white-sided dolphin (Lagenorhynchus acutus) (TtPV3
variant), and three from the harbor porpoise (Phocoena phocoena)
(PphPV1, PphPV2, and PphPV3) (Gottschling et al., 2011). According
to their phylogenetic relationships, cetacean PVs have been classiﬁed
into the genera Omikronpapillomavirus and Upsilonpapillomavirus. The
clustering of these two cetacean genera in a monophyletic group indi-
cates a shared common ancestry (Bernard et al., 2010).
The understanding of PV evolution has advanced on several fronts in
recent years. Host-linked codivergence has been considered the most
signiﬁcant factor in PV diversiﬁcation (Gottschling et al., 2007b). How-
ever, there is increasing evidence suggesting that various evolutionary
mechanisms such as inter-speciﬁc transmission, adaptive radiation,
recombination, and positive selection also play important roles in PV
evolution (Angulo and Carvajal-Rodríguez, 2007; Carvajal-Rodríguez,
2008; Gottschling et al., 2007a,b; Gottschling et al., 2011). Although ev-
idence of positive or diversifying selection has been found on human
PVs (Carvajal-Rodríguez, 2008; Chen et al., 2005; DeFilippis et al.,
2002), no signiﬁcant signals of positive selection have been found in ce-
tacean PV's to date (Rector et al., 2008).
Similarity of the L1 capsid protein has historically been used as a
yardstick to determine levels of similarity and evolutionary relation-
ships among different PVs (de Villiers et al., 2004). Nucleotide se-
quence similarities of the L1 protein less than 60% have indicated
different genera, whereas species within a genus have been deﬁned
by nucleotide identities of 60 to 70% (Bernard et al., 2010; Howley
and Lowy, 2007). In recent years, data has been presented suggesting
190 R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197that this standard may be suboptimal, since L1 may not accurately
reﬂect biological and whole genome relationships. As supporting ev-
idence, previous studies have shown that the evolutionary relation-
ships of PVs differ depending on the gene analyzed (Bravo and
Alonso, 2007; García-Vallvé et al., 2005; Gottschling et al., 2007a,b;
Rector et al., 2008; Van Bressem et al., 2007).
In this study, we report full genomes of four novel bottlenose dol-
phin papillomaviruses, tentatively named TtPV4, TtPV5, TtPV6 and
TtPV7. Genomes TtPV4-6 were identiﬁed in genital lesions while
TtPV7 was identiﬁed in normal genital mucosa. The availability of
these new full-length genomes allowed us to conduct an in-depth anal-
ysis of the evolutionary processes that have inﬂuenced the diversiﬁca-
tion of this group. Our analysis suggests that recombination and
diversifying selection pressures are prevalent across most genes on ce-
tacean PVs and constitute important driving forces of their evolution.
Results
TtPV4, TtPV5, TtPV6 and TtPV7 genome structure
Four complete PV genomes were detected and ampliﬁed from
genital mucosa demonstrating papillomatous lesions as well as from
normal genital mucosa of three male bottlenose dolphins. The ge-
nomes were named TtPV4, TtPV5, TtPV6 and TtPV7 based on the
chronological order in which they were found. Full-genome nucleo-
tide sequences were deposited in the GenBank database with acces-
sion numbers (JN709469, JN709470, JN709471 and JN709472).
TtPV4 and TtPV5 were found in penile lesions from the same dolphin
using rolling circle ampliﬁcation (RCA) and sequencing of cloned
fragments. TtPV6 was detected in a genital papilloma lesion from a
different dolphin also using the RCA method while TtPV7 was
detected using degenerate primers E1F2-E1R4 in normal penile mu-
cosa of a dolphin.
The complete genomes of TtPV4-TtPV7 range from 7783 bp
(TtPV7) to 7895 bp (TtPV6) and present the typical organization ob-
served in other characterized cetacean PVs (TtPV1, TtPV2, TtPV3,
PsPV1, DdPV1, TtPV3-Variant, PphPV1, PphPV2 and PphPV3). Details
of the genomic structure of these novel PVs are summarized in
Table 1 and Fig. 1. Seven main ORFs encoded in the same strand and
orientation can be identiﬁed, with E6, E1, E2, and E4 (which is nested
within E2) clustered in the early region of the genome followed by L2,
L1, and L3 (nested within L1) in the late region. Like all cetacean PVs
except TtPV2, the predicted E4 ORFs lack an ATG start codon. A con-
served ORF with homology to one known as L3 in BPV3 and Bovine
PV4 (BPV4) was identiﬁed in all cetacean PVs except TtPV1, although
TtPV5 and PsPV1 lacked traditional start codons. The non-coding re-
gion (NCR) ranges from 611 bp in TtPV7 to 710 bp in TtPV6 and is
well within the range of other published cetacean PVs (546 bp in
TtPV3 and 916 bp in TtPV2) (Table 1; Fig. 1).Table 1
Details of the sequence analysis of TtPV4, TtPV5, TtPV6 and TtPV7 that includes previously de
is given in each column. ORFs marked with * lack traditional start codons. NI = not identiﬁ
Virus Sample origin Length (bp) E6 E7 E1
TtPV1a Genital papilloma 8089 672 NI 1917
TtPV2b Genital papilloma 7866 618 NI 1872
TtPV3a Genital papilloma 7915 660 NI 1926
TtPV4 Genital papilloma 7792 654 NI 1935
TtPV5 Genital papilloma 7853 657 NI 1932
TtPV6 Genital papilloma 7895 654 NI 1926
TtPV7 Normal penile mucosa 7783 648 NI 1929
PsPV1c Genital papilloma 7879 636 NI 1929
a From Rector et al. (2008).
b From Rehtanz et al. (2006).
c From Van Bressem et al. (2007).Characteristic DNA and amino acid motifs of TtPV4, TtPV5, TtPV6 and
TtPV7
The number of DNA and amino acid motifs found in the four char-
acterized TtPVs varied in each of the genomes and is given in Table 2.
In all four TtPVs, the E6 ORF codes for a protein ranging from 215 aa to
219 aa, which is similar in size to other cetacean PVs, but larger in
comparison to human PVs. In all cases, the predicted E6 contains
two metal-binding motifs (CX2CX29CX2C) separated by 36 aa, identi-
cal to those found in other cetacean PVs (Table 2). Interestingly, a
pRb-binding motif (LXCXE), involved in permitting cell cycle dysre-
gulation and usually found in E7, was found in the predicted E6 pro-
tein of TtPV6. The only other cetacean PV where a pRb motif has been
found is in the E1 protein of PsPV1. A modiﬁed ATP-dependent heli-
case motif (GPANTGKS) was found in the predicted E1 protein of all
four TtPVs (Table 2).
The number of E2 binding sites (E2BS; ACC-N6-GGT) ranged from
three in TtPV4 to six in TtPV7. The number of polyA sites (AATAAA)
also varied from two in TtPV4 and TtPV7 to ﬁve in TtPV5. An SP1
binding site (GGGCGG) was identiﬁed within the E1 gene in TtPV4
and TtPV7, but not in TtPV5 or TtPV6. The number of NF1 binding
sites (TTGGC) ranged from four in TtPV7 to nine in TtPV6. Numbers
of the TATA signal (TATAAA) ranged from one in TtPV5 to ﬁve in
TtPV6.
Sequence homology among cetacean PVs and phylogenetic analysis
Based on the L1 sequence comparisons, the most homologous pair
of cetacean PV L1 ORFs is TtPV3 and TtPV3-Variant with 98.23% sim-
ilarity, followed by TtPV4 and TtPV7 with 89.21% similarity, and the
least homologous are the pairs of PhPV3 and TtPV2 and PhPV1 and
TtPV2, both with 56.78% similarity (Table 3). The E1 protein showed
less structured relationships, with most of the similarities being
higher than 60%. Sequence similarity below 60% was found mostly
in comparisons involving TtPV2 (Table 3).
Different clustering patterns of the cetacean PVswere observed in the
El and L1 Bayesian phylogenetic analyses. Based on the L1 tree, the ceta-
cean PVs are paraphyletic; all cetacean PVs group in one clade except for
PhPV3, which groups in a strongly supported clade containing Alphapa-
pillomavirus, Omegapapillomavirus, and Dyodeltapapillomavirus instead
of the main cetacean clade (Fig. 2), in agreement with Gottschling et al.
(2011). The L1 cetacean cluster is split into twohighly supported subsets,
with Omikronpapillomavirus including TtPV5, TtPV6 PsPV1 and PhPV1,
and Upsilonpapillomavirus including DdPV1, TtPV1, TtPV4, TtPV7, TtPV3
and TtPV3-Variant with PhPV2 and TtPV2, as the most basal taxa of the
cluster. Additionally, in the L1 analysis the PV cetacean clusters clearly
represent the three genera suggested by the sequence similarity compar-
isons (Upsilonpapillomavirus, Omikronpapillomavirus and one yet unde-
ﬁned genus). Based on the L1 phylogenetic results, the ruminantscribed cetacean PV genomes for comparison. Length in nucleotides for predicted genes
ed.
E2 E4 E5 L2 L1 L3 NCR
1215 402* NI 1623 1521 207* 737
1140 339 309 1632 1536 288 916
1245 411* NI 1626 1512 279 546
1185 366* NI 1686 1515 348 612
1176 357* NI 1704 1560 282 658
1191 363* NI 1686 1560 348 710
1191 354* NI 1626 1518 348 611
1245 426* NI 1665 1575 228 621
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Fig. 1. Linear representation of the ORFs of TtPV4, TtPV5, TtPV6 and TtPV7 genomes. Shaded ORFs correspond to the early PV proteins, empty ORFs correspond to proteins in the
late region.
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taxa to the cetacean cluster, although this relationship is supported
with a low posterior probability (Fig. 2). In the E1 analysis, all cetacean
PVs, together with SsPV1 in Dyozetapapillomavirus, formed a well-
supported monophyletic cluster, where PhPV3 is the most divergent of
all cetacean PVs, including TtPV2 (Fig. 2). Upsilonpapillomavirus and
Omikronpapillomavirus did not segregate in the E1 analysis.
The splits network based on the full genome alignment (8764 char-
acters) of the thirteen cetacean PVs showed a topology that closely re-
sembles the one obtained with the L1 Bayesian phylogenetic tree with
two main well-deﬁned groups (Fig. 3). One cluster containing all of
the members of the Upsilonpapillomavirus genus, with the exception
of TtPV2 and PhPV2, and a second cluster containing all members of
the Omikronpapillomavirus genus (PhPV1, PsPV1, TtPV5, and TtPV6).
TtPV2, PhPV2 and PhPV3 are the most divergent (represented by the
longest branches) and did not clearly group into a genus but are located
in between the two main clusters. The ﬁt index for the split network,
Lsﬁt=99.78, indicates high robustness of the network and tree-
likeness of the data. Reticulations can be observed at the base of bothTable 2
Characteristic nucleotide and amino acid motifs of TtPV4, TtPV5, TtPV6 and TtPV7 and previo
acid position in the corresponding genome.
TtPV4 TtPV5
Predicted DNA sequence motif
E2BS (ACC-N6-GGT) 3 (1267, 7631, 7718) 4 (843, 1322, 7749, 7833
PolyA sites (AATAAA) 2 (3896, 7336) 5 (175, 2291, 6066, 7325
SP1 binding sites (GGGCGG) 1 (1014) None
NF1 binding sites (TTGGC) 6 (1910, 2290, 3586, 3878,
5195, 6255)
8 (68, 144, 2293, 4084, 5
6839, 7683)
TATA signals (TATAAA) 2 (6731, 6737) 1 (7778)
Predicted amino acid motif
ATP-dependent helicase motifs
in E1 (GPPNTGKS)
1 (473 aa) 1 (472 aa)a
Metal-binding motifs in
E6 (CX2CX29CX2C)
2 (27 aa, 100 aa) 2 (25 aa, 98 aa)
pRb binding domain in E6
(LXCXE)
None None
a Modiﬁed to GPANTGKS.clusters; these are larger in the Omikronpapillomavirus cluster than the
Upsilonpapillomavirus cluster indicating greater uncertainty of the rela-
tionships andmay suggest evidence of recombination eventswithin the
group of cetacean PVs.Recombination
Using the suite of seven recombination detection methods imple-
mented in RDP3, 32 unique recombination events were detected. Out
of the 32 recombination events, 9 were supported by at least 4 recom-
bination detection algorithms (Table 4). Recombination signals were
detected across both the early and late regions of the PV genomes.
The best supported recombination event (number 1) between TtPV5
and TtPV1 was supported by all seven methods and produced four re-
combinant sequences, TtPV3, TtPV3-Variant, TtPV4 and TtPV7
(Table 4). In this event, the beginning and end breakpoints correspond
closely with the full length of the late region of the genomes, spanning a
length of over 3 kb. An exception is the case of TtPV3-Variant,where theusly described cetacean PVs. Numbers in parentheses indicate the nucleotide or amino
TtPV6 TtPV7
) 3 (1273, 1387, 7843, 7930) 6 (1236, 1263, 4953, 7622,
7709, 7768)
, 7692) 3 (973, 6117,7548) 2 (3880, 7328)
None 1 (1013)
358, 5964, 9 (1382, 2287, 4088, 5123, 5344, 6113,
6829, 6913, 7610)
4 (2286, 5578, 6124, 6584)
5 (650, 1139, 1150, 1838, 2111) 3 (1723, 6717, 6723)
1 (510 aa)a 1 (471 aa)
2 (27 aa, 100 aa) 2 (27 aa, 100 aa)
1 (61 aa) None
Table 3
Table of percent nucleotide similarities among cetacean PVs based on the full length proteins E1 (above diagonal) and L1 (below diagonal). Underlined are cases where E1 percent
similarities are higher than the corresponding L1 values.
TtPV1 TTPV2 TtPV3 TtPV3Var TtPV4 TtPV5 TtPV6 TtPV7 DdPV1 PphV1 PphV2 PphV3 PsPV1
TtPV1 0 61.35 73.15 72.85 73.61 73.15 72.91 73.38 71.86 66.96 69.24 60.89 71.45
TtPV2 70.76 0 59.78 59.72 60.42 60.54 60.71 60.42 59.60 58.79 60.60 56.39 60.19
TtPV3 83.04 69.55 0 98.66 83.01 78.40 74.20 81.38 81.09 64.68 67.78 60.36 71.45
TtPV3Var 83.39 69.41 98.23 0 82.95 78.63 73.91 81.20 80.91 64.80 67.95 60.36 71.45
TtPV4 84.60 69.91 83.53 83.18 0 78.34 71.75 89.03 84.24 65.27 67.08 60.36 69.47
TtPV5 59.76 58.13 58.98 58.84 59.12 0 74.84 78.58 77.29 65.73 68.07 60.89 69.82
TtPV6 58.62 57.70 57.35 57.13 58.27 81.76 0 72.21 72.33 64.16 67.54 59.89 70.05
TtPV7 83.11 69.41 82.97 82.82 89.21 58.98 57.91 0 82.95 65.15 66.90 60.89 69.29
DdPV1 84.46 70.40 81.19 81.69 82.54 60.04 59.26 81.83 0 64.80 67.78 59.08 69.41
PphPV1 59.62 56.78 57.63 57.42 57.27 76.01 74.80 56.85 58.77 0 66.02 58.03 66.20
PphPV2 63.95 63.02 64.37 64.23 63.38 59.12 57.56 63.17 62.81 59.19 0 59.66 67.66
PphPV3 57.91 56.78 57.06 57.42 57.27 58.55 57.98 58.48 57.91 58.62 58.13 0 61.24
PsPV1 59.97 58.62 60.68 60.61 60.18 81.12 78.57 59.76 59.97 76.01 59.90 57.56 0
192 R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197recombination signal extends the late region and almost 1 kb of the
early region.
Positive selection of cetacean PVs
Evidence of positive selection was detected in all six predicted
protein alignments of cetacean PVs under the SLAC, REL and FEL algo-
rithms. REL and FEL detected a higher number of positively selected
codons, whereas SLAC showed less evidence of positive selection.
The early region showed a considerably higher number of codons
under positive selection than those from the late region; under the
FEL method, E1, E2 and E4 had 17, 21 and 6 codons under positive se-
lection, respectively, compared to four in L1 and one in L2 (Table 5).
Although most of the sites identiﬁed as being positively selected
were unique to a single method, sites selected by all three methods
included codons 255 and 465 in the helicase region of the E1 gene,
codons 227 and 232 in the hinge region between the DNA binding
and activation domains of the E2 gene, a region that overlaps with
E4, and codons 342, 364, 366, 368 and 376 in the carboxy-terminal
DNA binding domain of E2 (Table 5).
Discussion
Studies on cetacean PVs have previously shown that cetaceans
may harbor multiple viruses (Rector et al., 2008). Our ﬁndings of
two of novel PVs ampliﬁed from the same individual further support
these suggestions. Coinfection with multiple PVs makes recombina-
tion possible. The ﬁnding of PV in an apparently normal mucosa is
similar to other species where PVs can be found in healthy skin
(Antonsson and McMillan, 2006). No segregating differences in the
presence and number of DNA and amino acid motifs were identiﬁed
between TtPVs found in genital lesions (TtPV4, TtPV5 and TtPV6)
and the one found in healthy skin (TtPV7). Further study is needed
to conﬁrm the clinical differences between these viruses, and to de-
termine disease-associated factors.
There is often signiﬁcant diversity of papillomaviruses found in ver-
tebrate hosts. In the best studied host species, humans, there are at least
150 known papillomavirus types, and it is unsurprising to ﬁnd signiﬁ-
cant diversity present in bottlenose dolphins (Kovanda et al., 2011).
Lack of knowledge of this diversitymay signiﬁcantly hamper epidemio-
logical studies. Recent studies have reported seronegativity or negative
PCR results for known papillomaviruses in dolphins with genital prolif-
erative lesions (Rehtanz et al., 2010; van Elk et al., 2009). It is possible
that the papillomaviruses reported here or other yet to be discovered
papillomaviruses may also have played roles in the etiology of these
lesions. It is probable that signiﬁcant papillomaviral diversity in bottle-
nose dolphins remains to be found.According to the classiﬁcation scheme for PVs using L1 nucleotide
similarity (de Villiers et al., 2004), cetacean PVs may be divided into 3
genera (similarity less than 60%). One genus represented by TtPV1,
TtPV2, TtPV3, TtPV3-Variant, TtPV4, TtPV7, DdPV1 and PphPV2. Based
on the observed L1 sequence similarities with previously characterized
cetacean PVs, this genus corresponds to Upsilonpapillomavirus. Within
this genus three species can be identiﬁed, two represented by PhPV2
and TtPV2, respectively, the third species is composed by the rest of
the genus members. The second genus of the cetacean PVs is composed
of TtPV5, TtPV6, PsPV1 and PhPV1, with all its members belonging to
the same species. Since the members of this genus have close sequence
similarity to the previously characterized PsPV1, the members of this
genus would correspond to Omikronpapillomavirus. The third genus is
represented solely by PphPV3, which has yet to be named and charac-
terized. Interestingly, close sequence similarity was observed between
a few members of Upsilonpapillomavirus and Omikronpapillomavirus,
as observed betweenDdPV1 and TtPV5,with 60.05% nucleotide similar-
ity, and between PsPV1 and TtPV3, TtPV3-Variant and TtPV5, with se-
quence similarity ranging between 60.06 and 60.68% (Table 3). E1
similarities were greater than L1 similarities.
The discordance observed between the L1 and E1 phylogenetic
trees and the presence of small reticulations in the splits network
are consistent with the analyses identifying recombination events
within the cetacean PVs, and are in agreement with the ﬁndings of
Gottschling et al. (2011). These ﬁndings, indicating that not all re-
gions of the genome share the same evolutionary history, may lead
to errors in whole genome phylogenetic analyses. The need for reli-
able nucleotide sequence alignment biases recombination analyses
toward breakpoint detection in conserved genomic regions (Varsani
et al., 2006). However, the availability of a more complete representa-
tion of existing taxa for comparison in our study should result in im-
proved phylogenetic resolution (Flynn et al., 2005).
It is interesting to note the close and well-supported relationships
between PsPV and TtPVs. There is support for a clade containing PsPV,
TtPV5 and TtPV6, consistent with either a host-switch event or diver-
gence of Omikronpapillomavirus and Upsilonpapillomavirus before the
split of P. spinnipinis and T. truncatus. This relationship underscores
the importance of factors other than cospeciation in interpreting papil-
lomavirus phylogeny. Throughout biology, hybridization is a factor
allowing rapid non-detrimental change, allowing species to invade
novel habitats (Nolte et al., 2005; Rieseberg et al., 2007). Recombination
of PVs may provide a hybrid advantage for crossing host species.
As previously noted by others, cetacean PVs lack the E7 gene, and
these genomes further support that ﬁnding (Rector et al., 2008;
Rehtanz et al., 2006; van Bressem et al., 2007). The E6 protein of
cetacean PVs is larger than those of other host species (Rector et al.,
2008; Rehtanz et al., 2006; van Bressem et al., 2007). The ﬁnding of
a pRb binding domain in the E6 of TtPV6 may imply that it assumes
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Fig. 2. Bayesian phylogenetic tree of cetacean PVs based on a full-length E1and L1nucleotide sequence alignment of TtPV4, TtPV5, TtPV6 and TtPV7 and other animal and human PVs
(66 for E1 and 64 for L1). The different PV genera are indicated in italics and posterior probabilities are indicated in the branch nodes. GenBank accession numbers can be found in
Supplemental materials Table S2.
193R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197function normally performed by E7. In PVs with high oncogenic risk, a
PDZ-binding domain in E6 has been shown to be important for cell
transformation (Watson et al., 2003); this domain was not found in
any of the four TtPVs from this study, and TtPV2 is the only cetacean
PV from which this domain has been detected (Rehtanz et al., 2006).
An E5 gene is also lacking in all cetacean PVs except TtPV2, and was
not identiﬁed in any of these new PVs (Rehtanz et al., 2006). The E4
open reading frame is conserved without stops across all cetacean
PVs, but only TtPV2 has a proper ATG start codon. If this is a functional
gene, some unusual process may be needed for expression, such as al-
ternative start codons, RNA splicing, or RNA editing. Splicing of E4 has
been demonstrated in BPV4, which is a member of Xipapillomavirus, agenus found in our L1 analysis as well as that of Rector et al. (2008) to
be most closely related to the cetacean PV clade (Stamps and Campo,
1988), although not in the E1 analysis.
We also note the presence of a conserved ORF within L1 in a differ-
ent frame. The predicted protein bears homology to a predicted ORF
from BPV3 and BPV4, and has been called L3 (Patel et al., 1987).
This ORF is found in all cetacean papillomaviruses except TtPV1,
where an ORF that lacks a start codon is present. Bioinformatics ana-
lyses did not identify potential functions for this protein. The conser-
vation of this ORF in all but one cetacean PV as well as two members
of Xipapillomavirus implies that it may be functional, but further stud-
ies would be needed to determine this. However, this ORF is not
PphPV2TtPV1
DdPV1
TtPV4
TtPV7
TtPV3-Variant
TtPV3
TtPV6 TtPV5 PsPV1
PphPV1
TtPV2
PphPV3
0.01
Fig. 3. Splits network based on the full genome of TtPV4, TtPV5, TtPV6, TtPV7 and previously described cetacean PVs using uncorrected p-distances. Reticulations among the
different taxa suggest evidence of recombination.
194 R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197conserved in other members of the Xipapillomavirus (Hatama et al.,
2008). Phipapillomavirus, another genus using ruminant hosts, is
equally closely related in the L1 analysis. It is interesting that the clos-
est relatives may be ruminant PVs; the cetaceans, ruminants, and hip-
popotami form a monophyletic group known as the Cetruminantia
(Murphy et al., 2001). Some cetacean viruses have previously been
found to be close relatives of ruminant viruses (Nollens et al., 2007;
Nollens et al., 2009).
Evidence of positive selection has previously been found in human
PVs (Carvajal-Rodríguez, 2008; Chen et al., 2005; Chen et al., 2009;
DeFilippis et al., 2002; Hughes and Hughes, 2005). Signiﬁcant signals
of positive selection on cetacean PVs had not yet been previously identi-
ﬁed (Rector et al., 2008). The discrepancy of positive selection methods
reﬂects how the algorithms treat the data. The SLAC method has beenTable 4
Details of the recombination signals detected in cetacean PVs using the suite of recombinat
the late region of the genome and ends in the early region. Position of breaking points is b
Event Parents/recombinant No. of methods P-value range
1 TtPV5, TtPV1/TtPV3 7 (2.22×10−17–1.44
2 TtPV5, TtPV1/TtPV3-Variant 7 (2.22×10−17–1.44
3 TtPV5, TtPV1/TtPV4 7 (2.22×10−17–1.44
4 TtPV5, TtPV1/TtPV7 7 (2.22×10−17–1.44
5 Unknown, TtPV4/TtPV1 4 (4.50×10−3–5.69×
6 PsPV1, TtPV3/TtPV6 5 (1.55×10−3–1.66×
7 Unknown, TtPV4/PphPV3 5 (1.56×10−3–1.36×
8 TtPV3, TtPV7/TtPV1 4 (2.45×10−3–1.05×
9 TtPV4, unknown/TtPV5 4 (1.10×10−6–2.63×suggested to be conservative because it may underestimate the number
of substitutions, and may lack power to detect signals of positive selec-
tion in small sample data sets, which could be a factor in this study
(n=8) (Kosakovsky Pond and Frost, 2005). FEL is known to have
fewer false-positive results than REL (KosakovskyPond and Frost, 2005).
A greater number of sites were found to be under positive selec-
tion in the early region than in the late region. It is worth noting
that some of the sites identiﬁed as being under positive selection in
the E2 gene overlapped with the E4 gene, where overlapping codons
in a different frame were not positively selected. Similar ﬁndings
were seen with analyses of HPV16 (Hughes and Hughes, 2005). In
most full genome studies of human PVs, the strongest evidence for
positive selection was also in the early region (Chen et al., 2005;
Chen et al., 2009). Both of these reports found that E5 showedion algorithms implemented in RDP3. (*) indicates a recombination event that starts in
ased on the PV sequence alignment.
Position of breaking points Location in recombinant genome
×10−67) 5214–9278
×10−67) 5314–860*
×10−67) 5407–9704
×10−67) 5314–9720
10−11) 9316–9657
10−13) 9445–1062*
10−5) 2833–2953
10−10) 847–1480
10−17) 9281–9704
Table 5
Number and position of positively selected codons in an alignment of early and late proteins of TtPV4, TtPV5, TtPV6 and TtPV7 including existing cetacean PV genes. Numbers in
parentheses are the amino acid positions in the corresponding protein. Bold numbers correspond to amino acid positions found to be positively selected under the three methods.
SLAC REL FEL
E6 0 0 0
E1 2 (255,465) 9 (101,151, 198, 255, 259, 465, 645, 655, 659) 17 (25, 120, 151, 155, 161, 167, 178, 198, 227, 255, 259, 269, 465, 631,
641, 645, 659)
E2 7 (227, 232, 342, 364, 366, 368,
376)
13 (200, 227, 232, 238, 327, 343, 364, 366, 368, 376, 398,
433, 437)
21 (4, 10, 106, 133,157,159, 227, 232, 235, 238, 319, 327, 333, 342, 360,
364, 366, 368, 376, 398, 433)
E4 0 3 (25, 43, 46) 6 (22, 53, 83, 127, 181, 189)
L2 0 0 4 (333, 454, 514, 606)
L1 2 (77, 78) 2 (31, 443) 1 (76)
195R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197signiﬁcant positive selection; this gene is absent in cetacean PVs. The
late regions make up the capsid, which is where selective pressure
from antibodies is likely to be exerted (Sapp and Day, 2009). Assum-
ing that this positive selection is driven by the host acquired immune
response, these early gene sites are more likely to be T-cell epitopes
and be selected by cellular rather than humoral immunity. Under-
standing the evolution of papillomaviruses has signiﬁcant clinical im-
plications (Bravo et al., 2010).
In conclusion,we have characterized the genomeof four novel bottle-
nose dolphin papillomaviruses, signiﬁcantly increasing our knowledge of
cetacean PV diversity. These genomes have several genomic structural
similarities. Recombination, positive selection, and potentially host
switching may have played signiﬁcant roles in the evolution of the ceta-
cean PVs. Different regions of papillomavirus genomes may have differ-
ing evolutionary histories, complicating classiﬁcation.
Material and methods
Sample collection and processing
Swabs and tissue samples were collected from two male bottle-
nose dolphins' genital mucosa demonstrating papillomatous lesions
and from one male bottlenose dolphin's normal genital mucosa as
part of routine diagnostic procedures. Samples were shipped on dry
ice to the laboratory and kept at −80 °C until processing. DNA was
extracted from each sample using the DNeasy Blood and Tissue Kit,
(Qiagen) and stored at −20 °C until analysis.
Rolling-circle ampliﬁcation (RCA) and degenerate PCR
The initial detection and ampliﬁcation of PVs from extracted DNA
from bottlenose dolphin genital lesions was performed through a
combination of rolling-circle ampliﬁcation (RCA) and degenerate
PCR techniques.
For the RCA reactions, extracted genomic DNA from bottlenose
dolphin genital lesions was used as template using the TempliPhi
100 Ampliﬁcation Kit (GE Healthcare Biosciences) following the man-
ufacturer instructions. RCA products were digested with 100 U of
EcoRI, HindIII, XbalI, SalI or BamHI in separate reactions. The digested
products were run in a 0.8% agarose gel looking for bands with sizes
adding up to the ~8 kb papillomavirus genome. The digested prod-
ucts were quantiﬁed and ligated into pUC18. One Shot MAX efﬁciency
DH5α-T1R cells were transformed using the ligated products follow-
ing manufacturer's instructions (Invitrogen). Colonies were selected
to sequence using M13F and M13R primers.
Degenerate primers AR-E1F2 (5′-ATGGTNCAGTGGGCNTATGA-3′),
AR-E1R4 (5′-ATTNCCATCHADDGCATTTCT-3′) and AR-E1R9 (5′-CATTW-
GTDGTDAYMAGSAKRGGVGGGCA-3′) (Rector et al., 2005) were used in
a semi-nested format to amplify segments of the E1 gene of papillomavi-
ruses. Primers AR-E1F2 and AR-E1R9 were used in the ﬁrst round of PCR
while the second round used AR-E1F2 and AR-E1R4. The 20 μL reaction
mixture for the PCR ampliﬁcations consisted of 0.13 μL of Platinum TaqDNA Polymerase (Invitrogen), 2 μL of 10X PCR Buffer, 0.8 μL of 50 mM
MgCl2, 0.4 μL of 10 mM dNTPs, 1 μL of 20 μM of forward and reverse
primers and 3 μL of DNA template. For the second round of PCR, 4 μL of
product from the ﬁrst round ampliﬁcation was used as template. The
PCR conditions used in both PCR rounds included an initial denaturation
of 5 min at 94 °C, followed by 45 cycles of denaturation at 94 °C for 1 min,
annealing at 47 °C for 1 min and extension at 72 °C for 1 min, followed by
a ﬁnal elongation step at 72 °C for 10 min. PCR products from the second
round were run in a 1% agarose gel and bands of interest were extracted
using theQiaquick gel extraction kit (Qiagen). Direct sequencingwas per-
formed using the Big-Dye Terminator Kit (Applied Biosystems, Foster
City, CA) and read on ABI automated sequencers. All amplicons were se-
quenced at least twice in each direction, and primer sequences were edi-
ted out prior to constructing contiguous sequences.
Genome walking
Speciﬁc forward and reverse primers (Supplemental materials
Table S1) were designed to close the gaps between the partial geno-
mic sequences obtained via rolling circle ampliﬁcation and degenerate
PCR. Amplicons were sequenced at least twice in each direction.
Nucleotide and protein sequence analysis
Full genomic sequences of each dolphin PV were manually assem-
bled. ORF ﬁnder (http://www.ncbi.nlm.nih.gov/projects/gorf/) from
the National Center for Biotechnology Information (NCBI) was used
to determine the open reading frames (ORF) encoded in the full ge-
nome sequences of dolphin PVs. Nucleotide sequence alignments
were performed using the MUSCLE algorithm (Edgar, 2004). Searches
for DNA and protein motifs present in the different ORFs, and nucleo-
tide identity percentages of the full-length L1 ORF were performed
using CLC Main Workbench version 5.5 (CLC Bio, Denmark).
Phylogenetic analysis
The evolutionary relationships of novel dolphin PVs with other pub-
lished cetacean PVs were determined using two different approaches, a
Bayesian phylogenetic analysis and a split network analysis. Bayesian
phylogenetic analyses were performed based on the full nucleotide se-
quence of the E1 and L1 genes of papillomaviruses. Seventy-three E1 se-
quences and seventy L1 sequences that included representatives of all
named papillomavirus genera were downloaded from GenBank (Sup-
plemental materials Table S2). Amultiple sequence alignment was per-
formed for each dataset using theMUSCLE algorithm (Edgar, 2004). The
best-ﬁt nucleotide substitution models for the E1 and L1 alignments
were chosen according to the Aikake's Information Criterion using jMo-
deltest (Posada, 2008). Bayesian Inference phylogenetic analysis was
performed using MrBayes (Ronquist and Huelsenbeck, 2003). Markov
chain Monte Carlo (MCMC) parameters included a run time of 2×106
generations, sampling every 1000 generations. Statistical convergence
was assessed by conﬁrming that the standard deviation of split
196 R. Robles-Sikisaka et al. / Virology 427 (2012) 189–197frequencies dropped below 0.01. Subsequently, 25% of the sample trees
were discarded as a burnin. The 50% majority-rule consensus tree was
visualized using Fig Tree v1.1.2 (Rambaut, 2008).
For the split network analysis, a MUSCLE nucleotide alignment in-
cluding the full genome of all cetacean PVs available on GenBank
(TtPV1, TtPV2, TtPV3, TtPV3-Variant, DdPV1, PphPV1, PphPV2, PphPV3
and PsPV1; Supplemental materials Table S2), plus the four novel PV ge-
nomes described in this study (TtPV4, TtPV5, TtPV6 and TtPV7), was
used as input for SplitsTree (Huson and Bryant, 2006). Split networks
were inferred using the split decomposition method and uncorrected
p-distances.
Recombination analysis
To detect recombination signals in dolphin PV genomes, a MUSCLE
alignment (Edgar, 2004) containing the full length genome of all
known cetacean PVs was used as input for RDP3 (Heath et al., 2006).
RDP3 contains a suite of seven recombination detection programs;
RDP (Martin and Rybicki, 2000), GENECONV (Padidam et al., 1999),
MaxChi (Maynard Smith, 1992), Chimaera (Posada and Crandall,
2001), Recscan (Martin et al., 2005), 3seq (Boni et al., 2007), and SiScan
(Gibbs et al., 2000). The default detection thresholds were used in all
cases. Only recombination events that were identiﬁed by at least four
methods were considered.
Positive selection
Positive selection analyses were performed using three codon-based
maximum likelihood methods, the Single Likelihood Ancestor Counting
(SLAC), Fixed Effects Likelihood (FEL), and Random Effects Likelihood
(REL) (Pond and Frost, 2005) as implemented in the HYPHY web inter-
face (www.datamonkey.org). These methods estimate the number of
nonsynonymous substitutions (dN) and synonymous substitutions
(dS) at every codon in amultiple alignment. The ratio dN/dS>1 suggests
positive or diversifying selection, dN/dSb1 suggests negative or purify-
ing selection, and if dN/dS=1 then neutral evolution may be assumed.
For these analyses, a multiple codon alignment was produced for each
gene (E6, E1, E2, E4, L2, L1) of the cetacean PV genome from the corre-
sponding aligned predicted protein sequences using PAL2NAL (Suyama
et al., 2006). Each alignment included all cetacean PV's available on Gen-
Bank plus those described in this paper (Supplemental materials Table
S2). To minimize the effect of recombination on the calculation of the
dN/dS ratios, sequence segments with recombination signals, identiﬁed
by the Genetic Algorithm for Recombination Detection (GARD) algo-
rithm implemented by HYPHY (Kosakovsky Pond et al., 2006), were
removed from the alignment and only non-recombinant sequence parti-
tions were examined. Positive selection signals were investigated on
independent alignments of each of the PV genes. The signiﬁcance
level of the positive selection results for the FEL and SLAC analyses was
a p-value of 0.1 and 50 Bayes factors for the REL analyses.
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